Abbreviations used in this paper: AM, acetoxymethyl ester; InsP~3~, inositol trisphosphate; InsP~3~R, InsP~3~ receptor; TPFP, two-photon flash photolysis.

INTRODUCTION
============

Sarcoplasmic release of Ca^2+^ through RYRs occurs in two prominent forms in smooth muscle: spontaneous SR Ca^2+^ release events, or Ca^2+^ sparks ([@bib26]), and Ca^2+^ release that is triggered by the influx of Ca^2+^ through sarcolemmal ion channels, often termed CICR ([@bib12]; [@bib4]). The latter process has been shown to occur in some smooth muscle cells through processes that are generally similar to those of cardiac muscle but that bear distinct attributes ([@bib12]; [@bib4]; [@bib18]). Thus, in urinary bladder myocytes, activation of the voltage-dependent Ca^2+^ current (I~Ca~) evokes CICR in the form of Ca^2+^ sparks or global Ca^2+^ waves in a graded fashion ([@bib12]; [@bib4]). Genetic evidence indicates that type 2 RYR (RYR2) channel proteins play a predominate role in SR Ca^2+^ release in bladder myocytes ([@bib15]), which is similar to CICR in heart cells. However, CICR initiates from discrete sites in smooth muscle, and release occurs with a variable delay that depends on the flux of Ca^2+^ into the cytosol ([@bib4]; [@bib18]), which are features that are distinct from the highly amplified and spatially ordered process in cardiac cells ([@bib2]; [@bib3]). Moreover, CICR in smooth muscle is a graded, nonobligate process that requires sufficient Ca^2+^ flux to activate release, leading to its description as "loose coupling" ([@bib4]; [@bib18]). Loose coupling between the activities of the sarcolemmal and SR Ca^2+^ channels suggests that unlike in cardiac muscle, where a cluster of RYR2 channels sense Ca^2+^ in the microdomain of L-type Ca^2+^ channels, RYR gating is coupled to Ca^2+^ channel activity through increases in cytosolic Ca^2+^ that must extend over a mean path length on the order of 100 nm ([@bib4]). However, no studies have established the relationship between a rise in intracellular Ca^2+^ that is independent of L-type Ca^2+^ channel activity and SR release.

Two-photon flash photolysis (TPFP) provides the capability to photorelease molecules in a subcellular volume on the order of 1 femtoliter ([@bib27]), and this method has been used to examine CICR in heart cells ([@bib5]; [@bib20]). In this study, we used TPFP to formally test several hypotheses relating to CICR in smooth muscle cells. First, we examined whether localized increases in Ca^2+^ in a small subcellular domain is sufficient to evoke Ca^2+^ release from the SR independently of the gating of sarcolemmal Ca^2+^ channels. Second, as spontaneous Ca^2+^ release often occurs at a few frequent discharge sites within myocytes ([@bib8]), we determined the extent to which CICR is constrained to these sites. Finally, we sought to determine the extent to which TPFP could evoke Ca^2+^ release from the inositol trisphosphate (InsP~3~) receptor (InsP~3~R). We report that TPFP triggers CICR, that the process is not constrained to a few release sites (although Ca^2+^ sparks are often evoked several microns away from the release site), and that the process involves release through RYR2 channels. Surprisingly, however, we report evidence that TPFP also results in the release of Ca^2+^ through InsP~3~Rs in the absence of PLC activation and that this process, although kinetically distinct from RYR release, is capable of supporting robust CICR.

MATERIALS AND METHODS
=====================

Cell Preparations
-----------------

Single-cell TPFP was performed in isolated rabbit urinary bladder myocytes, as these provided single cells with robust morphology. Single-cell isolation was performed as previously described ([@bib4]). In brief, animals were sedated with xylasine and ketamine before killing with pentabarbital (protocol approved by the Cornell Institutional Animal Care and Use Committee \[IACUC\]). Bladders were quickly removed, cut into small pieces, and digested in enzymatic solutions. Segments were first incubated for 20 min at 37°C in buffer solution (80 mM Na-glutamate, 55 mM NaCl, 6 mM KCl, 2 mM MgCl~2~, 10 mM HEPES, and 10 mM glucose, pH 7.4) and 1 mg/ml dithioerythreitol, 1 mg/ml papain, and 1 mg/ml BSA (Sigma-Aldrich). The partially digested tissue was then transferred to the buffer solution containing 1 mg/ml collagenase type II (Worthington Biochemical), 1 mg/ml BSA, and 100 μM Ca^2+^. After incubation for 10 min, the digested tissue was washed and gently triturated in buffer to yield single smooth muscle cells.

All intact muscle experiments were performed in mouse bladder tissue. Mice were killed with CO~2~ according to a Cornell IACUC--approved protocol, and bladders were rapidly removed and dissected in cold water. Tissue segments were prepared by cutting the detrusor into 0.1 × 0.5--cm strips running along the axis from the neck to the fundus, as described previously ([@bib14]). The strips were transferred into an optical recording chamber, fixed with a Kevlar fiber retaining clip (Warner Instruments), and recorded at room temperature. The extracellular solution used for single cell and tissue strip perfusion was 137 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl~2~, 1.0 mM MgCl~2~, 10 mM glucose, and 10 mM HEPES, pH 7.4, adjusted with NaOH.

Imaging and Local Uncaging of Caged Ca^2+^
------------------------------------------

Single cells and intact tissue strips were coloaded with the Ca^2+^ indicator and caged Ca^2+^ by incubation with 10 μM Fluo-4 acetoxymethyl ester (AM; Invitrogen) and DMNP-EDTA--AM (Invitrogen) in a bath solution containing 0.02% pluronic acid for 10 (single cells) or 60 min (tissue) at room temperature. Fluo-4 AM fluorescence was detected by laser scanning confocal microscopy using a confocal scanhead (Radiance 2000; Bio-Rad Laboratories) coupled to a microscope (TE300; Nikon) and a 60×/1.2 NA water immersion objective (Nikon) as previously described ([@bib15]). Confocal xy images of 128 × 20 pixels were obtained at intervals of 16.7 ms. Line scan images were acquired at 1,200 Hz and 0.73 μm/pixel.

Local uncaging of DMNP-EGTA was achieved by brief exposure to the output of a diode-pumped Ti-sapphire laser (Mai Tai; Spectra-Physics) tuned to 730 nm (∼100 fs pulse width). Output from the laser was directed through a computer-controlled shutter and neural density filter wheel and entered the inverted microscope (TE300; Nikon) through a modification of the epifluorescence illumination port. The coupling optics included a moveable lens to adjust the focus of the 730-nm light so that its focus was coincident with the focal plane of the 488-nm imaging excitation. This was verified by comparison of the axial position of the photobleached focal region after a brief bleaching pulse from each laser. Images were processed and analyzed using MATLAB 6.5 software (MathWorks). Data are reported as means ± SEM. A *t* test was applied to determine the statistical significance of measured differences.

Analysis
--------

Kinetic data were calculated by fits of the data using custom software written in MATLAB that fit fluorescence data to a six-parameter equation (F~0~, start time, rise time, peak F/F~0~, half-time of decay, and final offset using a nonlinear least squares fitting routine; [@bib15]). Rise times indicate the period of time from 10 to 90% of the event fitted from baseline to peak F/F~0~. Ca^2+^ propagation velocity was determined by individually calculating the time required to traverse a distance of at least 20 μm in the calibrated images. Mean results are expressed as means ± SEM. Statistical analysis was performed by ANOVA.

RESULTS
=======

Local Uncaging of Caged Ca^2+^ Induces Ca^2+^ Release in Smooth Muscle
----------------------------------------------------------------------

We first examined the toxicity of two-photon excitation in single smooth muscle cells or tissue segments by exciting Fluo-4--loaded myocytes at varying power. As shown in [Fig. 1](#fig1){ref-type="fig"}, in the absence of DMNP-EDTA, excitation pulses for 100 ms produced localized increases in Ca^2+^ in isolated smooth muscle cells and tissues only at powers above 5 mW, indicating localized membrane damage. At 4.3 mW, however, no increase in Fluo-4 fluorescence was observed in the absence of DMNP-EDTA in either single-cell ([Fig. 1 C](#fig1){ref-type="fig"}) or tissue ([Fig. 1 E](#fig1){ref-type="fig"}) experiments, and excitation energies were accordingly confined to powers of \<4.3 for 100 ms or shorter. Conversely, in Fluo-4/DMNP-EDTA--loaded cells or tissues, a 100-ms pulse at 4.3 mW produced robust Ca^2+^ responses in individual myocytes, indicating that these parameters were sufficient to produce effective two-photon uncaging. The pattern of rise in Ca^2+^ after short laser pulses was either a rapid Ca^2+^ flash, consisting of a nearly synchronous rise in Ca^2+^ throughout the cell ([Fig. 1 E](#fig1){ref-type="fig"}), or an asynchronous Ca^2+^ wave, which propagated more slowly throughout the cell ([Fig. 1 F](#fig1){ref-type="fig"}).

![TPFP of caged Ca^2+^ in smooth muscle cells. Multiphoton uncaging of Ca^2+^ in smooth muscle. Cells (A--D) or tissues (E and F) were loaded with Fluo4 for the measurement of \[Ca^2+^\]~i~ and exposed to 730-nm excitation at the laser power (LP) shown under control conditions or after loading with caged Ca^2+^ (D-EDTA). At excitation power \>5 mW, photodamage-induced Ca^2+^ release was observed in single cells in the absence of TPFP (no caged Ca^2+^) but was not observed \<5 mW (C). Ca^2+^ release was only observed in cells and tissues loaded with D-EDTA (compare D with C and F with E) and was evoked in single cells at laser strengths below the threshold for photodamage (compare D with C). Profiles at right show fluorescence values from entire image series at the site of photolysis. Arrows indicate point of laser flash. Excitation powers shown were measured at the objective.](jgp1270225f01){#fig1}

We next sought to determine whether the rise in Fluo-4 fluorescence in DMNP-EDTA--loaded cells resulted from the uncaging of Ca^2+^ within a confined space and diffusion throughout the cell or was produced by the uncaging of a small amount of "trigger" Ca^2+^ leading to CICR. As shown in [Fig. 2](#fig2){ref-type="fig"}, cells within muscle segments were repeatedly exposed to TPFP to examine the extent to which uncaging pulses would itself produce an increase in Fluo-4 fluorescence. At uncaging stimuli below the threshold for cell damage, single pulses either produced no localized Fluo-4 fluorescence or a large Ca^2+^ release event as shown in [Fig. 1](#fig1){ref-type="fig"}, indicating that uncaging stimuli themselves did not result in a rise in Ca^2+^ sufficient enough to be detected. In situations in which a single stimulus did not result in Ca^2+^ release, repeated uncaging at the same location almost always elicited release ([Fig. 2 A](#fig2){ref-type="fig"}); CICR triggered by multiple TPFP pulses could suggest a threshold for Ca^2+^ release or might indicate that initial TPFP pulses augmented SR loading. SR loading was not required for TPFP-induced CICR, however, as single pulses were often sufficient to elicit Ca^2+^ release. These results indicated that the release of Ca^2+^ by TPFP is sufficient to evoke Ca^2+^ release from intracellular stores and that observed global increases in \[Ca^2+^\]~i~ do not result either from damage to the cell wall or simply from the uncaging of DMNP-EDTA.

![Ca^2+^ waves triggered by localized Ca^2+^ uncaging. (A) Typical response to 88-ms two-photon excitation (4.7 mW) shows that two initial stimuli do not result in an observed release of Ca^2+^ (i.e., photoreleased Ca^2+^ is below the threshold of detection). A third pulse at the same location results in a localized release that propagates partially throughout the cell. Three pulses were within 15 s. (B) More slowly propagating asynchronous waves were occasionally observed with longer laser pulses or multiple short pulses. In the experiment shown, a single, longer pulse activated a slowly propagating Ca^2+^ wave at the site of laser focus after ∼200 ms. Note the slow time course of propagation and decay of the Ca^2+^ transient. (A and B) Bars, 10 μm. (C) Schematic showing areas in which TPFP activated Ca^2+^ release in single cells after a single 88-ms pulse. CICR was almost twofold more likely at the cell periphery. c, center; oc, off center; a, cell end.](jgp1270225f02){#fig2}

As uncaging of threshold amounts of Ca^2+^ triggered release in some, but not all cases, we examined the distribution of sites from which release occurred. Using a motorized stage, single cells were systematically positioned with the beam focused on the cell regions shown in [Fig. 2 C](#fig2){ref-type="fig"} and exposed to 100 ms TPFP. Single uncaging pulses were roughly twice as likely to result in global Ca^2+^ release in the cell periphery as in the center or perinuclear regions of the cell. This may relate to the smaller volume at the cell ends and a resultant higher free \[Ca^2+^\]~i~ as a result of restricted diffusion. Global Ca^2+^ release could be evoked, however, from any region of the cell, including the cell ends, and the propagated release events extended from these regions throughout the myocytes.

To further examine the relationship between the site of TPFP and Ca^2+^ release, single cells were stimulated by TPFP and scanned in rapid xy or line scan mode. As shown in [Fig. 3](#fig3){ref-type="fig"}, Ca^2+^ photolysis often evoked typical Ca^2+^ sparks that were not propagated as larger Ca^2+^ waves; these events occurred with variable delay either during or after the uncaging stimulus, and multiple release events were often observed in line scan experiments ([Fig. 3 B](#fig3){ref-type="fig"}). The mean rise time and decay half-time were 31.1 ± 14.8 and 113.9 ± 43.6 ms, respectively; spark size was 5.41 ± 0.75 μm (full width and half maximal), and the mean amplitude (ΔF/F~o~) was 1.8 ± 0.1 units (*n* = 9). These values are quite similar to spontaneous Ca^2+^ sparks in rabbit urinary bladder myocytes ([@bib4]; [@bib13]). Ca^2+^ sparks were never observed in the presence of ryanodine, further indicating that TPFP acts at least partially by gating RYR (see [Fig. 4](#fig4){ref-type="fig"}). Although TPFP-triggered Ca^2+^ sparks were often observed at the point of focus of the TPFP beam in both xy and line scan experiments ([Fig. 3, A and C](#fig3){ref-type="fig"}), sparks were also sometimes evoked at a distance of up to 10 μm from the beam focal point ([Fig. 3, B and C](#fig3){ref-type="fig"}). Similar results were obtained in line scan experiments ([Fig. 3 C](#fig3){ref-type="fig"}), which revealed that TPFP often evoked release from sites separated by several microns. The observed latencies between the onset of the TPFP stimulus and the appearance of a Ca^2+^ spark likely reflects variability in the loading and de-esterification of DMNP-EDTA as well as the diffusion time to the Ca^2+^ release site. In line scan experiments in which release occurred within 3 μm of the beam focus, the mean delay between the start of photolysis and the appearance of a Ca^2+^ spark was 16.33 ± 8.02 ms (*n* = 6). The induction of Ca^2+^ sparks that are spatially and temporally separated from the point of TPFP suggests a degree of localization of release sites or differential Ca^2+^ sensitivity of these sites. Furthermore, the localization of these sites relative to the point of TPFP (usually within 5 μm), although not consistent with only a few cellular frequent discharge sites, generally agrees with the observed number of small spontaneous Ca^2+^ spark sites in smooth muscle cells ([@bib8]; [@bib17]).

![Activation of Ca^2+^ sparks by TPFP. (A) Sequential images obtained at 22-ms intervals before, during, and after TPFP (indicated by red bar). To show the relationship between the laser pulse focus location and the Ca^2+^ spark, the stimulation point is shown by the white circle on the image containing the scale bar. Note that the spark occurs at the site of focus of the uncaging pulse within 20 ms of the onset of the flash. (B) A similar experiment as in A, but demonstrating the activation of a Ca^2+^ spark ∼6 μm from the laser focus with a delay of ∼180 ms. Images taken from a series obtained at 22-ms intervals. Sequential images are shown starting with the third image, which also shows the point of laser focus (white circle). (A and B) Bars, 10 μm. (C) Line scan experiment demonstrating repeated activation of Ca^2+^ sparks with typical kinetics and spread at the site of laser focus. Ca^2+^ sparks were repeatedly triggered at the same site by a single photolysis stimulus (note first and second pulses). Inset shows last induced sparks at higher magnification and the relationship to the site of laser photolysis (white circle). Note the activation of separate Ca^2+^ sparks at ∼5 μm from the point of laser focus.](jgp1270225f03){#fig3}

![Ryanodine and InsP~3~Rs can mediate TPFP-induced CICR. (A) Incubation of cells in 10 μM ryanodine did not prevent cells from releasing Ca^2+^, whereas combined exposure to 30 μM ryanodine and xestospongin C completely eliminated Ca^2+^ release. Arrows indicate laser flashes. (B) Summary data indicating the propability of release in each condition. Note that the number of exposures to TPFP required to induce release was significantly higher in the presence of ryanodine. Error bars represent SD. \*, P \< 0.05; \*\*, P \< 0.01.](jgp1270225f04){#fig4}

Inhibition of Intracellular Ca^2+^ Release Channels
---------------------------------------------------

Previous studies have indicated that RYR gating underlies Ca^2+^ sparks in smooth muscle ([@bib26]; [@bib23]; [@bib8]; [@bib33]; [@bib9]) and CICR triggered by activation of the voltage-dependent Ca^2+^ current ([@bib12]; [@bib4]; [@bib15]), as both processes are eliminated by preexposure of cells to ryanodine. We used a similar approach to determine whether Ca^2+^ release by TPFP was ablated by the inhibition of RYR function in smooth muscle segments from the mouse detrusor. Surprisingly, the application of ryanodine (10--30 μm) did not completely block Ca^2+^ release but rather markedly altered the characteristics of CICR. TPFP triggered prominent asynchronous Ca^2+^ waves in myocytes after prolonged exposure to ryanodine ([Fig. 4 A](#fig4){ref-type="fig"}). The slow rate of Ca^2+^ wave propagation in these experiments differed markedly from that observed in the absence of ryanodine and strongly suggested the involvement of InsP~3~Rs in CICR. The number of TPFP pulses at fixed power required to elicit CICR in the presence of ryanodine was significantly greater than in control experiments, suggesting a higher local Ca^2+^ threshold for release during RYR inhibition (P \< 0.05; [Fig. 4 B](#fig4){ref-type="fig"}). In contrast, the exposure of segments to 30 μM xestogspongin C, an inhibitor of InsP~3~Rs, had little effect on the probability of observing CICR or the characteristics of release in the absence of drug. That is, localized Ca^2+^ release events similar to control conditions were observed in the presence of xestospongin C. However, combined inhibition of both Ca^2+^ release channels by ryanodine and xestospongin C effectively prevented all Ca^2+^ release, indicating an effective inhibition of InsP~3~Rs by the antagonist and further suggesting that either intracellular Ca^2+^ release channel can support Ca^2+^ release, albeit with markedly different properties.

To further understand the role of specific intracellular Ca^2+^ release channels in locally elicited CICR, we analyzed the kinetics (rise time and time to release), Ca^2+^ wave propagation velocity, and peak amplitude of Ca^2+^ release after TPFP. The rise time of Ca^2+^ release was markedly affected by RYR antagonism, which is likely associated with a decrease in the underlying rate of SR Ca^2+^ release. Ca^2+^ spark rise time (time to 50% maximum amplitude) more than doubled in the presence of 10 μM ryanodine (155.3 ± 20.9 ms \[*n* = 31\] vs. 60.0 ± 5.83 ms \[*n* = 42\] in control experiments; [Fig. 5, A and B](#fig5){ref-type="fig"}). Conversely, in the presence of 30 μM xestospongin C, the rate of Ca^2+^ rise after TPFP (65.3 ± 5.63 ms \[*n* = 38\]) was not significantly different than that of control. As shown in [Figs. 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}, RYR inhibition also markedly slowed the rate of Ca^2+^ wave propagation after TPFP. Wave propagation velocity decreased from 21.9 ± 1.0 μm/s (*n* = 20) to 14.3 ± 0.6 μm/s (*n* = 16) in the presence of ryanodine, whereas in the presence of xestospongin C, wave propagation was not significantly different from control (20.2 ± 2.6 μm/s^−1^ \[*n* = 16\]; [Fig. 5, A and C](#fig5){ref-type="fig"}).

![Altered properties of Ca^2+^ release by ryanodine and InsP~3~Rs. (A) Examples of TPFP experiments in tissues in the three conditions. Traces at right indicate fluorescence at the laser focus site throughout continuous experiments. Note the slow rise time in the presence of ryanodine. (B) Summary data from all similar experiments. Rise time and propagation were significantly slower in the presence of ryanodine, whereas xestospongin C had no significant effect. \*\*, P \< 0.01. Error bars represent SD.](jgp1270225f05){#fig5}

Similarly, localized Ca^2+^ photolysis in the presence of ryanodine delayed initiation of the Ca^2+^ release event after the TPFP pulse. To more effectively quantify the time to release, cells within intact muscle segments were exposed to light for 100 ms (4.3 mW) at the beginning of a prolonged x-t scan along the cell axis, and the time delay was calculated as the time from the beginning of the 730-nm pulse to the initiation of Ca^2+^ release. The time to release was doubled in the presence of 30 μM ryanodine (123.3 ± 5.7 ms \[*n* = 23\] vs. 217.3 ± 11.4 ms \[*n* = 31\] for control and ryanodine, respectively), whereas the inhibition of InsP~3~Rs with xestospongin C had no significant effect (P \> 0.05; 129.9 ± 7.41 ms \[*n* = 17\]; [Fig. 6](#fig6){ref-type="fig"}). Because release occurred after completion of the TPFP pulse, the increased delay associated with RYR inhibition could not be caused by a requirement for greater net Ca^2+^ uncaging. Rather, the delay likely indicates an increased time requirement for the spread of the local rise in Ca^2+^, although it is also possible that the opening of more individual InsP~3~ channels is necessary to generate an observable response. Although the probability of observing CICR after TPFP and the rate of initiation and development of the Ca^2+^ release were markedly affected by RYR antagonism, the peak level of Ca^2+^ achieved was not significantly affected. The amplitude of the Ca^2+^ spark or Ca^2+^ wave was equivalent in control cells and those incubated with 10 μM ryanodine or 30 μM xestospongin C ([Fig. 6 C](#fig6){ref-type="fig"}), suggesting that efficient release of SR Ca^2+^ stores is achieved when CICR occurs through the activation of either SR release channel.

![Increased delay to release by InsP~3~Rs. (A) Examples of line scan experiments obtained during TPFP. Plots below indicate continuous fluorescence at the peak of release for each condition. Ryanodine markedly increased the delay between initiation of the laser uncaging flash and initial Ca^2+^ release. Laser excitation pulse was 100 ms in all experiments. As observed in xy experiments, rise time was markedly slowed in the presence of ryanodine. (B) Summary data from a series of line scan experiments indicates significant increase in delay in the presence of ryanodine. \*\*, P \< 0.01. Error bars represent SD.](jgp1270225f06){#fig6}

RYR Subtype 2 (RYR2) Mediates TPFP-Induced Ca^2+^ Release in Smooth Muscle
--------------------------------------------------------------------------

We have previously shown that Ca^2+^ sparks activated by CICR are predictably altered in bladder myocytes from FKBP12.6- but not RYR3-deficient mice ([@bib15]). As FKBP12.6 proteins selectively associate and regulate Ca^2+^ release from RYR2 channels ([@bib29]; [@bib31]), these data provide evidence that the cardiac type RYR (RYR2) plays a prominent role in the regulation of Ca^2+^ release events in smooth muscle. We used a similar strategy to determine whether TPFP activates RYR2 channels by examining TPFP-evoked Ca^2+^ release in bladder smooth muscle segments from control, FKBP12.6-null, and RYR3-null mice. As shown in [Fig. 7](#fig7){ref-type="fig"}, TPFP in FKBP12.6 knockout mice showed distinct features relative to control mice. First, the delay between the beginning of 730-nm excitation and the observation of Ca^2+^ release was markedly decreased in FKBP12.6-null tissues ([Fig. 7, A and C](#fig7){ref-type="fig"}), which is consistent with the dysregulation of RYR2 channels observed in cardiac myocytes from these mice ([@bib32]). Second, Ca^2+^ spark/wave propagation speed was increased relative to wild-type myocytes, with the rate of propagation significantly higher in FKBP12.6 knockout mice (30.7 vs. 21.9 μm/s; P \< 0.01; [Fig. 7, B and C](#fig7){ref-type="fig"}). Exposure of FBKP12.6-null myocytes to ryanodine dramatically decreased the propagation rate to 9.0 ± 0.7 μm/s (*n* = 16; not depicted), which is consistent with effects on propagation in wild-type cells. The rise time for Ca^2+^ sparks was significantly faster in FKBP12.6-null tissues (41.7 ± 1.64 vs. 60.9 ± 5.83 ms; P \< 0.01; [Fig. 7](#fig7){ref-type="fig"}). The maximum amplitude of Ca^2+^ release was not significantly different from control experiments. The marked alteration in kinetic properties of locally induced CICR is consistent with a major role of RYR2 proteins in the initial release (delay and rise time) as well as propagation of the Ca^2+^ wave.

![FKBP12.6 inactivation alters TPFP Ca^2+^ release. (A) Line scan experiments indicate a decrease in delay from initiation of the photolysis pulse to the observation of Ca^2+^ release. (B) Sequential xy images also indicate earlier release in FKBP12.6-null myocytes. Note different time scales. (C) Summary data indicate the marked change in kinetics of Ca^2+^ release in FKBP12.6-null tissues. \*, P \< 0.05; \*\*, P \< 0.01. Error bars represent SD.](jgp1270225f07){#fig7}

DISCUSSION
==========

We report that localized photolysis of caged Ca^2+^ initiates CICR in urinary bladder myocytes, which is the first demonstration that a local increase in cytosolic \[Ca^2+^\]~i~ in the absence of depolarizing voltage steps and/or the gating of sarcolemmal ion channels is sufficient to activate single Ca^2+^ sparks and propagating Ca^2+^ waves. The finding that localized photolysis of cytosolic DMNP-EDTA triggers individual Ca^2+^ sparks that are propagated throughout the cell ([Figs. 1](#fig1){ref-type="fig"} and [2 A](#fig2){ref-type="fig"}) and that this process often requires multiple excitation pulses further supports the mechanistic interpretation underlying the delay that can be observed between membrane depolarization and Ca^2+^ release during triggered CICR in smooth muscle ([@bib4]). That is, CICR triggered by the activation of I~Ca~ requires a sufficient increase in \[Ca^2+^\] to activate Ca^2+^ release channels, which is in contrast to the highly localized, tightly coupled process that occurs at the cardiac triad ([@bib3]). Activation of CICR by TPFP also provides a formal demonstration that the gating of voltage-dependent Ca^2+^ channels, which display high amplitude currents and a measurable open probability at resting voltages in smooth muscle and support the activation of spontaneous Ca^2+^ sparks ([@bib7]; [@bib6]), is not a necessary factor in RYR gating in smooth muscle.

Despite the tendency of large spontaneous Ca^2+^ sparks to occur at a few frequent discharge sites ([@bib8]), we did not observe this phenomenon with TPFP. Ca^2+^ release could be evoked throughout all regions of the cell, and spark initiation sites usually occurred at or near the site of laser focus rather than at one of the several observed spontaneous release sites. These results suggest that the phenomenon of frequent discharge sites may not arise solely as a result of the clustering of a few highly specialized or concentrated SRs and that release can occur from a relatively homogenously distributed SR. In support of this conclusion, 730-nm pulses activated Ca^2+^ release with a similar delay as observed in cardiac myocytes (between 10 and 100 ms; [@bib21]), suggesting that the mean path for released Ca^2+^ ions to traverse within the cytosol is not markedly longer in smooth muscle (assuming a similar rate of rise of Ca^2+^ during photolysis). However, several factors suggest caution regarding this interpretation. First, as shown in [Fig. 3](#fig3){ref-type="fig"}, it was possible to evoke Ca^2+^ sparks at a distance of up to ∼5 μm from the site of beam focus, and these events occurred with a delay in excess of 100 ms and are consistent with delays reported by the submaximal activation of I~Ca~ ([@bib4]). Although it is difficult to directly compare the latency to first spark in these two circumstances because the rate of rise of \[Ca^2+^\]~i~ produced by TPFP is not known, the delay and spatial separation between the point of beam focus and point of Ca^2+^ spark activation suggests a degree of spatial organization unlike that observed in cardiac myocytes. Second, the presence of a ryanodine-insensitive component of Ca^2+^ release substantially complicates this analysis. It is possible, for example, to explain the results by a clustering of RYR release sites at ∼10-μm intervals throughout smooth muscle cells but with substantially more homogenously expressed InsP~3~R, a finding that is generally supported by immunocytochemical studies ([@bib24]; [@bib19]). Finally, it should be noted that although frequent discharge sites may reflect characteristics of the SR, it is also possible that these sites reflect regions of sustained sarcolemmal Ca^2+^ channel activity ([@bib25]).

The most surprising finding in our study was the apparent ability of TPFP to activate Ca^2+^ release through InsP~3~Rs, as indicated by the activation of Ca^2+^ that occurred with different kinetics (delay, rise time, and propagation) and required greater amounts of trigger Ca^2+^ in the presence of 10 μM ryanodine. The activation of slowly propagating asynchronous Ca^2+^ waves in the presence of ryanodine, the marked slowing of wave propagation velocity in the presence of ryanodine, and the complete inhibition of TPFP in the presence of xestospongin C and ryanodine but not in the presence of ryanodine alone strongly suggest that InsP~3~R Ca^2+^ release can be activated by local increases in \[Ca^2+^\]~i~. Although substantial data indicate that the gating of InsP~3~R is augmented by increases in cytosolic Ca^2+^ at lower levels of Ca^2+^ ([@bib10]; [@bib11]), this process has been considered insufficient to activate InsP~3~R gating in the absence of InsP~3~ and relief of Ca^2+^ inhibition of gating ([@bib28]). However, InsP~3~R gating by Ca^2+^ may be a function of the level of basal PLC activity in cells or the specific patterns of InsP~3~R subtype expression and the formation of heterotetrameric channels ([@bib16]). The activation of InsP~3~R by TPFP may reflect the gating of these channels by high local increases in \[Ca^2+^\]~i~, particularly as Ca^2+^ release required multiple laser pulses in the presence of ryanodine ([Fig. 4](#fig4){ref-type="fig"}) and as xestospongin C alone had little effect on Ca^2+^ release, although this notion appears inconsistent with the well-known inhibitory effect of high Ca^2+^ on InsP~3~R gating ([@bib1]). Although our findings suggest that RYRs dominate the pattern of Ca^2+^ release after local rises in \[Ca^2+^\]~i~, the ability to trigger release from InsP~3~R suggests the potential for some involvement of these release channels during CICR, as release through RYR gating would be expected to produce very high local concentrations of Ca^2+^.

Finally, our data further indicate the importance of RYR2 channel subtypes in CICR. TPFP-activated Ca^2+^ release displayed distinct characteristics in myocytes from FKBP12.6 knockout mice ([Fig. 7](#fig7){ref-type="fig"}). As FKBP12.6 proteins selectively associate with RYR2 channels ([@bib29]; [@bib31]; [@bib30]), the observed effects suggest that loss of the stabilizing action of FKBP12.6 on RYR2 channels ([@bib22]; [@bib32]) accounts for the decreased threshold (decrease in time to release) and more rapid kinetics (decreased rise time and increased propagation velocity) in myocytes from FKBP12.6-null mice. Moreover, these findings are consistent with an increase in the frequency of spontaneous Ca^2+^ sparks observed in FKBP12.6-deficient urinary bladder myocytes ([@bib15]). The marked decrease in the delay between the onset of local photolysis and the observation of Ca^2+^ release in FKBP12.6-null mice suggests that FKBP12.6 binding to RYR2 lowers the sensitivity of these channels to gating by increases in \[Ca^2+^\]~i~. The considerable decrease in rise time of the observed release is also consistent with this interpretation. Similarly, such an increase in sensitivity would be expected to increase the wave propagation rate, as adjacent release channels would be expected to be gated after less Ca^2+^ release from adjacent channels. The extent to which loss of interactions between FKBP12.6 and RYR2 underlie pathological changes in excitation--contraction coupling in smooth muscle remains to be determined.
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